Background-Cardiologists often use clinical variables to determine the need for electrophysiological studies to stratify patients for risk of sudden death. It is not clear whether this is rational in patients with coronary artery disease, left ventricular dysfunction, and nonsustained ventricular tachycardia. Methods and Results-We analyzed the first 1721 patients enrolled in the Multicenter UnSustained Tachycardia Trial to determine whether clinical variables could predict which patients would have inducible sustained monomorphic ventricular tachycardia. The rate of inducibility of sustained ventricular tachycardia was significantly higher in patients with a history of myocardial infarction and in men compared with women. There was a progressively increased rate of inducibility with increasing numbers of diseased coronary arteries. There was a significantly lower rate of inducibility in patients with prior coronary artery bypass surgery and in patients who also had noncoronary cardiac disease. The rate of inducibility was higher in patients of white race, patients with recent (Յ6 weeks) angina, left ventricular dyskinesis, and in patients with greater numbers of fixed thallium defects. Inducibility was more likely in patients who had a prior myocardial infarction complicated by congestive heart failure, ventricular tachycardia, or fibrillation Յ48 hours after the onset of infarction. Although these associations are statistically significant, the accuracy of the clinical variables in discriminating between patients with and those without inducible ventricular tachycardia is only modest (receiver operator characteristic area Ͻ0.70). Conclusions-Multiple clinical variables are independently associated with inducible sustained ventricular tachycardia.
A lthough new treatments for acute myocardial infarction have reduced the mortality rates of patients with acute infarction, late complications persist. Survivors of the acute phase of infarction with significant left ventricular dysfunction are at particular risk, with a 6-month mortality rate of Ն10%. 1 Sudden death continues to account for at least one third of the deaths, and half the sudden deaths occur Ն1 year after infarction. 2, 3 A number of techniques, such as ambulatory ECG monitoring and evaluation of left ventricular function, can risk-stratify patients with prior myocardial infarction. However, these factors do not identify patients specifically at risk for sudden death. Thus identification of patients at high risk for sudden death poses a major problem for clinicians.
One technique that is specific for prediction of sudden death is programmed electrical stimulation. 4, 5 Clinicians in practice often make decisions regarding which patients should undergo electrophysiological testing on the basis of the characteristics of nonsustained ventricular tachycardia and clinical factors such as ejection fraction and extent of coronary artery disease. We have demonstrated previously that ECG characteristics of spontaneous nonsustained ventricular tachycardia have no relation to inducibility of sustained ventricular tachycardia. 6, 7 The purpose of the present analysis was to identify clinical factors that might predict patients with coronary artery disease having sustained ventricular tachycardia inducible by programmed stimulation.
Methods
We examined characteristics of the first 1721 patients enrolled in the Multicenter UnSustained Tachycardia Trial (MUSTT). The primary aim of this study is to determine whether antiarrhythmic therapy guided by electrophysiological testing will reduce the risk of sudden death in patients with chronic coronary artery disease.
All patients met the entry criteria, which included the presence of documented coronary artery disease, left ventricular ejection fraction Յ0.40, and asymptomatic nonsustained ventricular tachycardia documented Ն96 hours after myocardial infarction, coronary angioplasty, or coronary artery bypass surgery. Coronary artery disease was established by coronary angiography or documentation of an acute myocardial infarction. We attempted vigorously (by review of hospital charts and angiographic reports) to verify that left ventricular dysfunction was attributable to coronary disease to exclude patients with nonischemic cardiomyopathies and incidental coronary artery disease. Details of the study protocol have been published previously. 8 The median duration and cycle length of spontaneous nonsustained ventricular tachycardia were 5 complexes and 420 ms, respectively. 6 The protocol for electrophysiological studies, standardized at all participating centers, included delivery of 1, 2, and 3 ventricular extrastimuli at 2 right ventricular sites at pacing cycle lengths of 600 and 400 ms and bursts of 5 to 15 ventricular stimuli at cycle lengths of 350 to 250 ms. The end point was the induction of sustained (duration Ն30 seconds) ventricular tachycardia or fibrillation or completion of the protocol. Although reproducible induction was the goal, investigators had the option to refrain from continuing stimulation if the initial induction resulted in a tachycardia that caused loss of consciousness. Patients with sustained monomorphic ventricular tachycardia induced at any point in the stimulation protocol and those with sustained polymorphic ventricular tachycardia or ventricular fibrillation induced by 1 or 2 extrastimuli were eligible for randomization. All consenting patients, regardless of whether randomizable ventricular tachycardia was induced, were included in the study.
Each participating center's institutional review board approved the study protocol. All subjects gave written informed consent.
We analyzed characteristics listed in Table 1 for their relation to inducible sustained monomorphic ventricular tachycardia. Most factors were obtained by review of the patient's history. Location(s) of myocardial infarction(s) were determined by ECG and patient history. Extent of coronary disease was examined among patients who had undergone coronary angiography and was expressed as the number of vessels with Ն75% reduction in luminal diameter. Left ventricular ejection fraction was determined by echocardiography, radionuclide angiography, or contrast ventriculography. Patients were required to complete a symptom-limited exercise test, with perfusion imaging if clinically appropriate, within 6 months before enrollment. If catheterization was performed within 12 months of enrollment and the stress test results would not alter the patient's treatment, it could be omitted at the investigator's discretion.
Data Collection
Data were reported on standardized case report forms. Accuracy of data was verified by 1 of 2 highly trained nurses experienced in performance of cardiac catheterization and electrophysiological studies. All data items were checked against source documents. A core laboratory reviewed ECG tracings of sinus rhythm and all episodes of induced ventricular tachycardia.
Statistical Methods
Clinical characteristics were summarized in terms of frequencies and percentages for categorical variables and by the median, 25th, and 75th percentiles for continuous variables. We used logistic regression analysis to examine individual and joint relations between clinical characteristics and inducible sustained monomorphic ventricular tachycardia. We used a flexible model-fitting approach with cubic splines (polynomials) to characterize possible nonlinear relations between continuous predictor variables and inducibility. 9, 10 Among clinical characteristics considered potential predictors of inducibility, availability of data varied. Although clinical features (eg, demographics, cardiac history) were complete in almost every patient, for some variables there were subsets of patients with missing data. For instance, information on the anatomic extent of coronary disease was not available in all patients because angiography was not mandated as an enrollment criterion. Exercise test data were not available in all patients. For univariate analyses, all available information for each clinical characteristic was used. For multivariable analyses, several models were assessed in a hierarchical fashion, seeking first to identify independent predictors of inducibility from a set of variables where the data were relatively complete (model 1 in Table 4 ) and then adding other variables where fewer data were available.
The area under the receiver operating characteristic (ROC) curve was used to quantify the ability of the clinical characteristics to predict inducibility accurately. An area under the ROC curve near 0.5 indicates that predictions of inducibility are essentially random with respect to actual inducibility. An ROC area near 1.0 indicates that the predictions correctly discriminate between patients who do and those who do not have inducible sustained monomorphic ventricular tachycardia.
We examined the relation of patient characteristics with inducibility of both sustained monomorphic ventricular tachycardia and all randomizable ventricular tachycardia (as defined above). We also examined these relations for patients with inducible sustained monomorphic tachycardia with cycle length Ͼ230 ms.
Results
Data from 1721 patients were analyzed. Sustained monomorphic ventricular tachycardia was inducible in 549 (32%) patients, with a median cycle length of 243 ms (25th, 75th percentiles: 225 and 270 ms). Characteristics of the 549 patients with inducible sustained monomorphic ventricular tachycardia and the total population appear in Table 1 . Most patients had a history of myocardial infarction. The remaining patients had data consistent with an ischemic cardiomyopathy, for example, triple-vessel coronary disease and diffuse left ventricular dysfunction. The patients are similar to other reported patient populations with prior myocardial infarction with respect to age, sex, extent of coronary artery disease, and use of thrombolytic therapy.
Several variables were significantly associated with inducibility by univariate analysis ( Table 2 ). The time from most recent myocardial infarction was significantly longer in patients with inducible ventricular tachycardia. No outcome of exercise tests including symptoms, ECG evidence of ischemia, or reversible thallium defects were associated with inducible ventricular tachycardia ( Figure 1 ). However, markers of extensive myocardial infarction, such as increasing numbers of fixed thallium defects ( Figure 1 ) and the presence of dyskinesis, were associated with inducible ventricular tachycardia. The left ventricular ejection fraction did not distinguish patients with inducible sustained ventricular tachycardia. After accounting for the predictive information in history of myocardial infarction, a history of congestive heart failure Ն48 hours and ventricular tachyarrhythmias occurring Յ48 hours after the onset of infarction were also associated with inducible tachycardia (Figure 2 ). Infarct location was not independently associated with inducible tachycardia.
The relation between inducibility, extent of coronary disease, and prior bypass grafting (CABG) was complex. When all 1450 patients with data on coronary artery anatomy and history of CABG were examined, a nonsignificant trend toward a higher frequency of inducible ventricular tachycardia with increasing disease severity was observed (Table 3) . We then examined the relation between coronary anatomy and inducibility, controlling for prior CABG. There are clear trends to increased frequencies of inducible tachycardia with increasing severity of coronary disease, both in patients with and those without prior CABG. Furthermore, the reduced frequency of inducible tachycardia in patients with prior CABG is more evident for each degree of coronary artery disease.
To evaluate these relations further, we examined them only in patients with a history of prior myocardial infarction. Analyzed in this manner, a history of prior thrombolytic therapy and performance of an exercise test were no longer significantly associated with inducible ventricular tachycardia. The other variables in Table 2 retained their statistically significant relations with inducible ventricular tachycardia.
Although the univariate analyses revealed factors associated significantly with inducible tachycardia, differences in the rate of inducibility across the levels of any individual factor were not sufficiently pronounced to predict accurately which patients would have inducible tachycardia. To determine which of the characteristics analyzed represent independent predictors of inducible sustained monomorphic ventricular tachycardia, we constructed several multivariable logistic regression models (Table 4 ). The higher likelihood of inducibility in patients with a history of recent angina and more severe coronary disease and the lower likelihood of inducibility in women and in patients with prior CABG were all independently significant. In addition to the models shown in Table 4 , an analysis was performed in which the number of fixed defects on thallium imaging was considered jointly with the variables in model 3. Although inclusion of the thallium data reduced the number of patients to less than one third of the overall population, in patients in whom this information was available, the number of fixed defects was a significant predictor of inducibility ( 2 ϭ4.0, Pϭ0.045). However, with ROC areas ranging from only 0.60 to 0.70 for all the models, no combination of clinical variables was found that could discriminate between patients with or those without inducible monomorphic ventricular tachycardia with a high degree of accuracy.
We repeated the analyses noted above, including all patients with randomizable ventricular tachycardias (ie, both the 549 patients with monomorphic and 63 with polymorphic sustained ventricular tachycardias) as the end point. The results of this analysis did not differ from that with inducible monomorphic ventricular tachycardia used as the end point. We performed an analysis considering the 149 patients with inducible sustained monomorphic tachycardia having a cycle length Յ230 ms as noninducible. The only change was that ␤-adrenergic-blocking agent use was no longer associated with inducibility.
Discussion
Our major finding is that clinical variables have limited utility to guide clinical decisions regarding the use of electrophysiological testing for risk stratification in the study population. The analysis does demonstrate a number of clinical characteristics that are statistically associated with inducible sustained ventricular tachycardia. However, the relations noted are not distinct enough to predict accurately patients with and patients without inducible ventricular tachycardia. NYHA indicates New York Heart Association; MI, myocardial infarction; CHF, congestive heart failure; VT, ventricular tachycardia; and VF, ventricular fibrillation.
Entries consist of percentages for categorical variables and median (25th, 75th percentiles) for continuous variables. Data are presented for overall study population and for those patients having inducible monomorphic sustained ventricular tachycardia. In cases in which data were not available for the entire study population, numbers of patients (n) with data are specified. Abbreviations as in Table 1 . *ORs for thallium defects use 0 defects as reference. †Time from most recent MI to enrollment for patients with and without inducible VT is expressed as median (25th, 75th percentiles).
‡ORs for a 1-year increment in time from MI to enrollment.
Several of the factors that differ between patients with and patients without inducible sustained monomorphic ventricular tachycardia were not anticipated, such as the associations of race and recent angina. Likewise, it is not clear why patients receiving ␤-blocking agents at the time of enrollment had a higher inducibility rate. This should not be interpreted as contradicting the proven effects of ␤-adrenergic-blocking agents to reduce mortality rates in survivors of myocardial infarction. It seems likely that some of these associations are due to selection bias. The relations of exercise testing and thrombolytic therapy with inducible tachycardia are likely due to the association between these variables and occurrence of a prior myocardial infarction.
Certain estrogens have been demonstrated to inhibit cardiac fibroblast growth. 11 Since the presence of inducible ventricular tachycardia is thought to be dependent in part on scar formation after healing of myocardial infarction, this effect may explain the significantly lower rates of inducible tachycardia in women.
The negative association between a history of CABG and inducible tachycardia suggests that correcting ischemia may reduce the development of reentrant circuits leading to inducible tachycardias. It is clear ( Table 3) that there was an uneven distribution of coronary artery bypass grafting, dependent on the extent of coronary artery disease. Patients with more extensive coronary disease were more likely to have undergone prior CABG. The relatively fewer patients with single-vessel disease who had undergone prior CABG had a low prevalence of inducible ventricular tachycardia. Conversely, the small number of patients with triple-vessel disease who had not undergone prior CABG had a relatively high prevalence of inducible ventricular tachycardia. When coronary anatomy was considered alone as a predictor of inducibility, the inducibility rate in single-vessel disease was weighted heavily by patients without prior CABG, whereas the inducibility rate in 3-vessel disease was weighted heavily by patients with a prior CABG. This resulted in a lesser gradient of inducible tachycardia versus extent of coronary disease when patients with and patients without CABG were grouped together. Thus the effects of prior CABG confound the relation of coronary anatomy to inducibility. The lower rate of inducible tachycardia in patients with prior CABG may explain in part the failure of implantable cardioverter/defibrillators to reduce mortality rates in the CABG-Patch Trial. 12 The observation that a greater time had elapsed after infarction for patients with inducible tachycardia than for those without inducible tachycardia may be a function of selection bias. Patients with inducible tachycardia that was more likely to occur spontaneously (for unknown reasons) may have previously developed spontaneous sustained tachycardia, thus eliminating themselves from participation in this trial. Alternatively, it is possible that the relation between time from infarction and inducibility is due to chronic "remodeling" of scar, late after infarction.
Prior studies have suggested that increased size of myocardial infarction correlates with an increased likelihood of inducible ventricular tachycardia. This may explain the association between inducible tachycardia and a history of myocardial infarction, number of fixed thallium defects, presence of dyskinesis, and history of congestive heart failure or ventricular tachyarrhythmias complicating a prior acute infarction. Failure of left ventricular ejection fraction to predict inducible tachycardia probably relates to the entry requirement of an ejection fraction Յ0.40. The negative association between "other" (noncoronary) cardiac disease may be explained by a significant contribution of the noncoronary disease to these patients' left ventricular dysfunction. Such patients may have sustained smaller myocardial infarctions. The lack of association between indexes of myocardial ischemia revealed by stress testing is not surprising, as there is no evidence that active ischemia causes monomorphic ventricular tachycardia inducible by programmed stimulation.
Previous analyses of electrophysiological studies in patients with nonsustained ventricular tachycardia complicating coronary artery disease have been limited by small sample size. [13] [14] [15] [16] [17] [18] Studies that included patients regardless of the measured left ventricular ejection fraction have noted associations between a lower ejection fraction and inducible ventricular tachycardia. [13] [14] [15] [16] An analysis restricted to patients with ejection fraction Ͻ0.40 did not confirm these observa- tions. 18 It seems likely that if one selects patients on the basis of significant left ventricular dysfunction, further stratification for the likelihood of finding inducible sustained ventricular tachycardia is not possible. Klein and Machell 15 also noted a link between akinesis or dyskinesis and inducible ventricular tachycardia.
Several studies examined the results of electrophysiological testing after recent myocardial infarction, without requiring the presence of nonsustained ventricular tachycardia or reduced ejection fraction. These analyses have found a number of factors to be associated with inducible ventricular tachycardia. In contrast to our findings, reperfusion with streptokinase during acute infarction has correlated with a decreased likelihood of inducing ventricular tachycardia in small studies. 19, 20 The reason for these differences is not clear. McComb et al 21 also noted an association between male sex and inducible ventricular tachycardia in patients who received thrombolytic therapy for acute infarction. Others have not found this association. [22] [23] [24] [25] [26] McComb et al also noted an association between inducible tachycardia and extent of coronary artery disease, but other investigators have not. 22, 24, 27 Some report that patients with recent anterior infarction are less likely to have inducible ventricular tachycardia, 21,27,28 but others have not. 23, 24 Most investigators studying unselected patients after recent infarction have noted a significant association between inducible ventricular tachycardia and decreased ejection fraction, 25,27-29 although some have not. [22] [23] [24] Finally, left ventricular aneurysms have been associated with inducible ventricular tachycardia by some workers 24, 25 but not by others. 23, 27 The present study is based on a data set larger than all these previously Abbreviations as in Table 1 . P (anatomy) indicates significance of association between numbers of diseased vessels and inducible VT based on a univariate (unadjusted) comparison and an adjusted comparison, controlling for whether patients had undergone prior CABG; P (CABG), significance level of association between prior CABG and inducible VT, unadjusted, and adjusting (controlling) for anatomic severity of disease.
*Refers to vessels identified at coronary angiography as having Ն75% reduction in luminal diameter. †Data in this table represent all 1450 patients in whom both coronary anatomy and CABG history were known. Abbreviations as in Table 1 .
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published studies combined and should help to clarify the clinical relevance of these factors.
Limitations
This study's major limitations are also its points of major interest. Although several factors were associated significantly with inducible ventricular tachycardia, these relations have only modest clinical utility at this time. For example, although women were significantly less likely than men to have inducible ventricular tachycardia, the values are not such that we would recommend against performing electrophysiological studies in women having the characteristics of patients in this study. Furthermore, our observations should not be extrapolated to all patients with coronary disease or prior myocardial infarction. Rather, they are applicable only to patients with demonstrated coronary artery disease, left ventricular ejection fraction Յ0.40 and asymptomatic nonsustained ventricular tachycardia.
Conclusions
Our findings demonstrate that within our trial population, clinical factors have limited ability to accurately predict those with inducible sustained ventricular tachycardia. The results suggest directions for future investigations of factors underlying the development of ventricular tachycardias in patients recovering from myocardial infarction.
